Setting time Compressive strength Microstructure Corrosion resistance a b s t r a c t This article presents the effect of 1%, 3% and 5% content of nano-TiO 2 (NT) on the fresh, hardened, microstructural and corrosion resistance properties of cementitious composites under different exposure environments (tap water, saline water and acidic solution).
Introduction
Reinforced cement concrete is considered as an ideal composite material and has been used extensively for the construction of all types of structures. This is mainly because of high compressive strength of concrete and excellent tensile strength of steel. Steel-reinforced concrete structures were viewed as maintenance-free and unlimited service life until the mid-1970s. Conversely, since then, several durabil-steel reinforcement has been recognized as the main source of deterioration.
Generally, corrosion of steel does not occur in dense concrete owing to the high alkalinity of pore solution. The high alkalinity of pore solution is due to the presence of Ca(OH) 2 , KOH and NaOH [11] . When the steel is exposed to such an alkaline environment of pH value more than 11.5 in the availability of dissolved oxygen, steel reacts with oxygen and forms an oxide film (␥-Fe 2 O 3 ·H 2 O) on its surface. This film is very thin (approximately 10 nm), insoluble, highly stable (passive), dense and impenetrable and that acts as a barrier to the oxidation reaction of iron and thus significantly decreases the corrosion rate of the steel. This passive film is known as the engineer's dream coating due its self-formation and maintenance if the alkaline environment is present [12, 13] . In such condition, the steel normally has a very low risk of corrosion or at least shows a prolonged initiation period before corrosion. However, protection offered by the passive film weakens in the presence of aggressive environments. Pitting corrosion may occur at some areas on the surface of steel where the passive film has been damaged. The corrosion process forms voluminous corrosion products that cause cracks in the concrete and significantly increase the corrosion risks of embedded steel in concrete [14, 15] . Thus, the corrosion of steel with subsequently spalling and delamination of concrete cover is one of the most common causes of deterioration [16] .
Similar to other corrosion processes, corrosion of steel reinforced cementitious composite is an electrochemical process. The oxidation reaction occurs at the anodic area (Fe → Fe 2+ + 2e − ), reduction reaction occurs at the cathodic area (2H 2 O + O 2 + 4e − → 4OH − ) and a conducting medium between anodic and cathodic zones are needed for the electrochemical reactions to proceed [17] . Hence, electrochemical methods can be used to evaluate the corrosion behaviour of steel embedded in cementitious composite.
These methods include open circuit potential measurement [18, 19] , surface potential measurement [20] , Tafel potentiodynamic polarization measurement [21] [22] [23] , linear polarization resistance measurement [24] [25] [26] , electrochemical impedance spectroscopy [27] [28] [29] and galvanostatic pulse transient [30] [31] [32] . Weight loss technique can also be used to determine the corrosion rate of steel [33] [34] [35] . However, the Tafel potentiodynamic polarization method offers several advantages as compared to the other methods: it is quick and easy to perform, directly provides the corrosion current, provides almost accurate outcomes, provides a number of electrochemical parameters, can be used to monitor the corrosion condition of a system continuously.
In past, several methods have been developed to control the corrosion of steel reinforced cementitious composite. Some of the methods include cathodic protection [36] [37] [38] , electrochemical chloride extraction [39] [40] [41] , surface treatments of the steel reinforcement [42] [43] [44] [45] , surface treatment of concrete [46] [47] [48] [49] , utilization of mineral admixtures [50] [51] [52] [53] [54] [55] [56] and chemical corrosion inhibitors [57] [58] [59] [60] [61] [62] . Moreover, recently, the potential use of various nano-admixtures such as carbon nanotubes, SiO 2 , TiO 2 , Fe 2 O 3 , CuO, ZrO 2 , ZnO 2 , Al 2 O 3 , CaCO 3 and Cr 2 O 3 have been explored in several research articles. Most of the studies revealed that the incorporation of nano-admixtures in cementitious composites could improve the strength and durability properties of composites [63] [64] [65] [66] [67] [68] [69] . For instance, on replacement of cement with 1% of nano-SiO 2 , both the compressive and flexural strength of concrete were found to be increased by 12.31% and 4.21% respectively; and the porosity and chloride permeability was found to be decreased by 6.93% and 18.04% respectively [70] . It was observed that the compressive, split tensile and flexural strengths of 1% nano-TiO 2 incorporated concrete was found to be increased by 18%, 67% and 25% respectively, and water absorption was reduced by 3.68% as compared to control concrete [71] [72] [73] . The addition of 5% nano-TiO 2 , significantly influenced the compressive strength (+13%), electrical resistivity (+257%), water absorption (−11%) and chloride permeability (−58%) of self-compacting mortar containing 25% fly ash [74] . The enhancement in compressive and flexural strength was found to be 23.4% and 21.1% respectively, with the addition of 0.3% carbon nanotube (CNT) in concrete [75] . The density of 1% CNT blended mortar was found to be 2.6% higher than the plain mortar [76] . The total porosity of 0.5% CNT blended mortar was found to be 64% lower than the plain mortar [77] . It was observed that the addition of 4% nano-Fe 2 O 3 enhanced the compressive, split tensile and flexural strength of concrete by 71.83%, 93.75% and 76.19% respectively. The water absorption and total specific pore volume was also decreased by 73.77% and 10.52% respectively [78] . The capillary permeability and water absorption of specimens containing 3% nano-CuO were found to be 60% and 9% lower than the plain mortar respectively. Moreover, the addition of 4% nano-CuO increased the electrical resistivity (+275%) and decreased the chloride permeability (−44%) of mortar [79] . The addition of 1% nano-CaCO 3 improved the compressive strength (+17%), reduced the water absorption (−19%), decreased the volume of permeable voids (−46%) and enhanced the chloride penetration resistance (+20%) of mortar [80] . These improvements are mainly due the large specific surface area of nano-admixtures. These admixtures not only fill the tiny voids in the cementitious composites but also act as kernel which accelerate the hydration process resulting more consumption of Ca(OH) 2 and produced large quantity of C-S-H gel [81] [82] [83] [84] [85] [86] [87] [88] .
In view of these advancements, an attempt has been made to utilize nano-TiO 2 as a partial replacement of cement. The primary objective of this work was to investigate the effects of nano-TiO 2 on setting time, compressive strength, microstructural properties and corrosion resistance behaviour of the cementitious composite under different environments i.e. tap water, saline water and acidic solution. Moreover, the Tafel potentiodynamic polarization method was used to monitor the corrosion condition of steel embedded in cementitious composite.
2.
Experimental program
Materials
In this study, ordinary Portland cement (OPC) of 43-grade, locally available fine aggregates of 2.65 fineness modulus and nano-TiO 2 (NT) with 30 nm of average particle size were used. Moreover, mild steel bar of 3 mm diameter was used as embedding reinforcement in the mortar and potable water with pH of 7.11 was used as mixing water. In addition, tap water (pH of 7.11), saline water (3.5% NaCl solution) with a pH of 7.27 and acidic solution (1% H 2 SO 4 solution) with a pH of 1.12 were used as exposure environments. These concentrations of NaCl and H 2 SO 4 are representative of that found in seawater and sewer system, respectively [89] . The microstructural properties and elemental compositions of the OPC, nano-TiO 2 and mild steel were determined by scanning electron microscope (SEM) and energy-dispersive Xray spectroscopy (EDX) techniques, respectively. Fig. 1(a) and (b) shows SEM micrographs of OPC and nano-TiO 2 , respectively. It can be seen that OPC particles have rough surfaces and irregular shapes and sizes. This suggests that there are probabilities of infilling the spaces amongst OPC particles using some finer particles. Also, it can be seen that nano-TiO 2 particles are very small in size and almost spherical in shape. Table 1 .
Mineralogical properties of the OPC, nano-TiO 2 were characterized using X-ray diffractometer (XRD) technique. The XRD pattern of OPC is quite complex as shown in Fig. 4 . 
Therefore, it is very difficult to identify the polymorphs of cement due to overlapping of large peaks and coexistence of polymorphs. Indeed, the major phases of OPC are tricalcium silicate (C 3 S), dicalcium silicate (C 2 S), tricalcium aluminate (C 3 A) and tetracalcium aluminoferrite (C 4 AF). In addition, some other minor phases such as lime (CaO), periclase (MgO), arcanite (K 2 SO 4 ), aphthitalite (K 3 Na(SO 4 ) 2 ), thenardite (Na 2 SO 4 ), etc. may be present in the OPC [90] [91] [92] . However, the C 3 S and C 2 S phases constitute about 50-70% and 20-30% of OPC, respectively. Thus, the most prominent peaks in the XRD pattern are obviously those of C 3 
Mortar mix proportions
Mix proportions of the mortars and pastes are listed in Table 2 . For mortars, the ratio of binder (OPC + nano-TiO 2 ) to fine aggregate (FA) was taken as 1:3 and water/binder ratio was fixed to 0.45 for all mixtures. The dosage of nano-TiO 2 (NT) was taken as 1%, 3% and 5% by weight of OPC replacement. NT was mixed thoroughly in the water. In addition, NT admixed water was stirred by the magnetic stirrer for 10 min to get the proper dispersion. The mortar mix proportions were used for compressive strength, SEM and corrosion analysis. Moreover, the OPC paste (P-X0) and 5% NT-admixed paste (P-NT5) were exclusively used for XRD analysis.
Specimen specifications and test procedure

Setting time
The effect of NT on the setting time of OPC was determined using Vicat's apparatus in accordance with IS: 4031 (Part 5) [102] . The dosage of NT was taken as 1%, 3% and 5% by weight of OPC. NT was dispersed through magnetic stirrer in the mixing water before blending into the OPC.
Compressive strength
For each mixture proportion, 12 mortar cubes of dimensions 70.6 mm × 70.6 mm × 70.6 mm were made for determining the compressive strength [103] . After 24 h of casting, the specimens were detached from the mould and immersed in a potable water tank for 28 days. After 28 days of curing, the compressive strength of 3 specimens of each mix proportion was determined. Out of remaining 9 specimens of each mix proportion, 3 specimens were exposed under tap water, 3 specimens were exposed under saline water and 3 specimens were exposed under acidic solution for 360 days. In order to maintain the pH and concentration of chloride and sulphate ions, the test solutions were changed in every two weeks. Before testing, the specimens were washed properly with tap water to remove the salts or loose products from the surface. The compressive strengths were determined using compression testing machine (AIMIL Ltd., capacity = 1000 kN and least count = 1 kN) by applying uniform and steady load until the failure. Moreover, compressive strengths of the three specimens were determined and the average of the three values was calculated and recorded.
Microstructural analysis
The microstructural and elemental analysis of X0 and NT5 mortar specimens were carried out by SEM and EDX techniques using JSM-6510LV (JEOL) microscope, respectively. For both SEM and EDX analysis, the small fragments (approximately 10 mm diameter and 5 mm thickness) obtained from the middle part of the mortar cubes after 28 days-compressive strength test. The surface of samples was made flat and regular in shape to avoid any misleading results. In order to stop hydration reaction through elimination of free water content, the samples were dipped in the pure alcohol for 3 days, and then were dried at 80 • C for 8 h [104].
Mineralogical analysis
For mineralogical analysis, P-X0 and P-NT5 pastes samples of size 20 mm × 20 mm × 20 mm were prepared. After 24 h of casting, each sample was kept in the separate container containing potable water for curing. After 28 days of curing, the hydration of the pastes was stopped by submerging the samples in pure alcohol for 3 days, and then the specimens were kept in the oven at 50 • C for 4 h to dry and were then kept at room temperature for 3 days to cool. Afterward, the specimens were transformed to powder form in order to carry out the XRD analysis using Bruker X-ray D8 Advance diffractometer (XRD) with Cu-K␣ ( = 1.54187Å) radiation at room temperature. The data was collected with the step-length of 0.02 • , scanning rate of 2 • /min and 2 range of 10 • -80 • .
Potentiodynamic polarization test
Tafel potentiodynamic polarization method was used to determine the corrosion behavior of embedded steel. For each mix proportion, 9 cylindrical mortar specimens (with centrally embedded steel bar) of size 30 mm diameter and 42 mm height were prepared. The steel bar was positioned in such a way that it was projected from the top of the mould by 30 mm and provided a uniform clear cover of 13.5 mm from the sides and bottom of the specimen. The projected part of the steel was wrapped with insulating tape. This tape was removed for electrical connection at the time of testing. In addition, the actual exposure length of steel bar was taken as 10 mm (surface area of approximately 1 cm 2 ). On the remaining part of steel, insulating tape followed by enamel and red oxide coating was applied. The schematic diagram of the test specimen with details is shown in Fig. 6 . After 24 h of casting, the specimens were cured in tap water for 28 days. After that, 3 specimens of each mixture were exposed under tap water, 3 specimens of each mixture were exposed under saline water and 3 specimens of each mixture were exposed under acidic solution. These exposure solutions were renewed in every two weeks. In addition, the specimens were monitored continuously with bimonthly wetting and drying cycle in order to accelerate the corrosion process. The specimens under investigation are shown in Fig. 7 . Potentiodynamic polarization test was conducted after 360 days of exposure duration. Potentiodynamic polarization test was performed using the Gill AC Potentiostat supplied by Applied Corrosion Monitoring (ACM) instrument. This instrument also provides inbuilt programs to evaluate the various corrosion kinetic parameters. The most common three-electrode electrochemical cell assembly was used in which the test specimen, Saturated Calomel Electrode (SCE) and Platinum Electrode (PE) were acting as the Working Electrode (WE), Reference Electrode (RE) and the Counter Electrode (CE), respectively. A working sense (WS) was also connected to WE. The test mediums (exposure solutions) were used as an electrolyte of the cell. A schematic diagram of the test setup and ACM instrument during test is shown in Fig. 8(a) and (b), respectively. The tests were carried out at the potential ranges of −300 mV to +300 mV (vs. SCE) from the open circuit potential (E OC ) with the potential sweep rate of 60 mV/min.
The graphical output of a potentiodynamic polarization test is referred to as Tafel curve, which is a plot of the potential (E) versus the logarithm of the current density (log |i|). The corrosion parameters such as anodic Tafel slope (ˇa), cathodic Tafel slope (ˇc), corrosion potential (E corr ) and corrosion current density (i corr ) were determined by intersecting the E OC and the extrapolation of the linear portions of logarithmic current plot. Moreover, the linear polarization resistance (LPR) and corrosion rate (CR) were also evaluated using ACM instrument.
Furthermore, the corrosion inhibition efficiency (IE) in percentage was estimated by the following relationship:
where CR O and CR W are the corrosion rate of the specimens without and with admixture respectively.
Results and discussion
Setting time
It has been observed that the initial setting time (IST) and final setting time (FST) of cement paste was decreasing with the increase in the proportion of nano-TiO 2 . The addition of 1%, 3% and 5% nano-TiO 2 decreased the IST by 6.8%, 17.4% and 23.3% respectively; and decreased the FST by 3.6%, 6.8% and 12.7%, respectively. The acceleration effect of nano-TiO 2 may be because of its high specific surface area that increases the overall wettable surface area and water absorption. Consequently, the rapid reduction of free water may speed up the bridging process of gaps, leading to an increase in the viscosity and quick solidification.
3.2.
Compressive strength Fig. 9 shows the results of average compressive strength of 0%, 1%, 3% and 5% NT admixed mortar after 28 days of potable water curing. An upward trend in compressive strength with the increase in amount of NT was observed. When 1%, 3% and 5% nano-TiO 2 was added, the respective strength enhancement as compared to control mortar was found to be 8.9%, 10.3% and 11.7%. These enhancements in strength may be due to the improvement in density, homogeneity and microstructure of cement matrix in the presence of NT [105, 106] . The mortar cube specimens after 360 days exposure under tap water, saline water and acidic solution are shown in Fig. 10 . There are no obvious deteriorations on the surface of any specimens exposed under tap and saline water were found by visual inspection. On the contrary, all the specimens exposed under acidic solution showed clear deteriorations on the surfaces. These damages are due to the formation of gypsum and ettringite in the presence of sulphuric acid. However, it can be seen that NT-admixed specimens exhibited less signs of deterioration as compared to the control specimens. Thus, it can be said that NT is effective against acid attack.
The effects of NT on the compressive strength of mortar specimens after 360 days exposure under tap water, saline water and acidic solution are shown in Table 3 . It can be seen that the in all the three exposure medium, compressive strengths were enhanced by the addition of NT and the higher the amount of NT, the greater the enhancement.
All the specimens exposed under saline and acidic solution showed lesser compressive strengths as compared to the corresponding specimens exposed under tap water. In saline environment, the decrease in strength is because of the formation of calcium chloroaluminate hydrate and the consumption of calcium aluminate hydrate. Apart from this, it can be due to crystallization of salt in pores, which can develop stresses and cause micro-cracks [107] . In acidic environment, the loss in strength is more than the in saline environment and it attributed to the reaction between H 2 SO 4 and Ca(OH) 2 that produce gypsum. The gypsum also reacts with calcium aluminate (C3A) to form ettringite. The volume of gypsum and ettringite is significantly higher than the initial compounds. This causes inner pressure in mortar leading to the development of cracks [108] . However, NT admixed mortar specimens exhibited substantially lower loss in strength as compared to the control specimens. This may be due to limiting the diffusion of aggressive ions into the cementitious matrix by NT.
Microstructural analysis
SEM micrographs of X0 and NT5 mortars are shown in Fig. 11(a) and (b), respectively. The images were taken at the magnification of 1000 and 10,000 times. Micrographs exhibited that NT5 mortar presented a better interlocked structure than X0 mortar. Also, the interfacial transition zone (ITZ) between aggregate and binder of NT5 mortar is of much reduced porosity as compared to X0 mortar. The textural characteristic is not uniform owing to the presence of different hydrated phases of cement as well as nano-TiO 2 .
A comprehensive investigation on hydration of cement exposed that a fibrous character is mainly for calcium silicate hydrate (C-S-H) phase [109, 110] . The calcium aluminate sulphate hydrate (C-A-S-H) phase is identified as needle-shaped prismatic crystals [111] . The calcium hydroxide (C-H) phase is found as crystals with a different kind of shapes and sizes [112] . The SEM micrograph of NT5 exhibited a special type of microstructure, comprising voluminous quantity of C-S-H, and low amount of C-H and C-A-S-H. Besides, large pores are not detected on account of the filling effect of nano-TiO 2 additive. Thus, it is obvious that the microstructural and mechanical properties of mortars is improved by NT addition. These advances might be because NT could increase particlepacking density, reduce the porosity and develop intact bonds [86] . Fig. 12(a) and (b) shows the EDX spectrums of X0 and NT5 mortars, respectively. Moreover, the elemental composition as shown in Table 4 confirms the presence of NT in the mortar.
Mineralogical analysis
XRD patterns of P-X0 and P-NT5 pastes are shown in Fig. 13(a) and (b), respectively. The XRD patterns of control and admixed cement paste can be explained with the help of hydration reactions of cement. Since the over-all mole amount of calcium is constant, therefore calcium can be present in the hydration products either as C-S-H gel or C-H (Portlandite) or C-A-S-H (Ettringite). Normally, the amount of Ettringite is much lower than the C-S-H gel and Portlandite. As such, a lower quantity of Portlandite corresponds to a higher quantity of C-S-H gel. In general, the quantitative examination of C-S-H cannot be carried out by the XRD results, because C-S-H is poorly crystalline fibrous mass (amorphous in structure), which is not possibly reflected in XRD pattern. However, there is no direct way to estimate the C-S-H gel concentration; the amount of Portlandite can estimate the C-S-H gel concentration indirectly. Numerous studies discussed that the amount of Portlandite is inversely related to that of C-S-H concentration, and thus the smaller peaks of Portlandite in XRD pattern signifies the higher amount of C-S-H gel [81, 113, 114] . the other studies [95, 115] . Portlandite peak has been considered as the chief performance indicator of cement paste and can be used to estimate the amount of C-S-H gel. The XRD pattern of P-NT5 showed significantly lower intensity peaks of Portlandite as compared to P-X0. This confirms that the addition of NT consumes Portlandite crystals. Such consumption of Portlandite increases the amount of desirable C-S-H gel and improves the microstructural and engineering properties of cementitious composites.
Potentiodynamic polarization test
The Tafel potentiodynamic polarization curves of all the specimens exposed under tap water, saline water and acidic solution are shown in Figs. 14, 15 and 16 , respectively. The corrosion kinetic parameters such as anodic Tafel constant (ˇa), cathodic Tafel constant (ˇc), corrosion potential (E corr ), corrosion current density (I corr ), linear polarization resistance (LPR) and corrosion rate (CR) of different specimens as obtained from their respective potentiodynamic polarization curves are presented in Table 5 . The corrosion inhibition efficiencies (IE) of different content of NT were also calculated and are presented in Table 5 .
It can be seen that the corrosion rates exhibited by the NT admixed specimens were found to be lower than the control specimens exposed under tap water. Thus, the corrosion inhibition efficiency increases with the increase in the dosage of NT. In addition, the specimens exposed to saline water and acidic solution showed similar effects. This suggests that the nano-TiO 2 can fill up the voids and produce a denser mortar and thus reducing the ionic transport.
Moreover, the corrosion rate of all the specimens exposed in saline solution was found to be substantially higher than the corresponding specimens exposed in tap water. On the other hand, the corrosion rate of all the specimens exposed in acidic solution was found to be marginally lower than the corresponding specimens exposed in tap water. This contrary effect may be due to the formation of gypsum and ettringite within the pores of mortar in the presence of H 2 SO 4 that reduces the ingress of aggressive ions . 
Conclusions
The following conclusions can be drawn based on the obtained results:
(1) The setting time of cement was decreasing with increasing the content of NT. The acceleration effect of nano-TiO 2 may be because of its high specific surface area that increases the overall wettable surface area and water absorption. Consequently, the rapid reduction of free water may speed up the bridging process of gaps, leading to an increase in the viscosity and quick solidification. (2) A substantial improvement in the 28 days-compressive strength of mortars was observed with the addition of NT. This was more noticeable when higher quantities of NT were added. The 360 days-compressive strengths of NT admixed mortar exposed under tap water, saline water and acidic solution were found to be considerably higher than control specimen. This was more pronounced at higher amounts of NT. (3) The SEM micrograph of nano-TiO 2 admixed specimen showed a large quantity of C-S-H gel, and a low amount of pores and needle-like crystals as compared to control specimen. This confirmed that the addition of nano-TiO 2 increased particle-packing density of mortar. (4) The XRD analysis confirmed that the inclusion of nano-TiO 2 leads to increase the amount of C-S-H gel and thus may enhance the microstructural and the durability properties of cementitious composites. (5) The corrosion rate exhibited by the NT admixed specimens was found to be significantly lower than the control specimens. The corrosion inhibition efficiency was observed to be increasing with the increase in the dosage of NT in all the exposure conditions. The optimal effectiveness was found at 5% content of NT, however even at 3%, very high corrosion inhibition efficiency was obtained.
